Wheelchair basketball is a sport designed for individuals with permanent lower body disabilities. While the sport was developed for those with physical disabilities, leagues allow individuals without a disability to play the sport. The purpose of this study was to identify muscle activations of commonly used lumbopelvic-hip complex (erector spinae, rectus abdominis, and latissimus dorsi), lower extremity (gastrocnemius and rectus femoris), and upper extremity (anterior deltoid, triceps brachii, and flexor carpi radialis) musculature in wheelchair basketball free throw shooting to better understand energy transfer in wheelchair basketball players with disabilities compared to basketball players without disabilities shooting from a wheelchair. We hypothesized that muscle activations would be different between participants with disabilities and those without disabilities, and that participants with disabilities would have greater trunk and upper extremity activations due to altered mechanics. Results of this study showed greater muscle activation (% Static Posture Assessment, %SPA) of the rectus abdominis (608.0 vs. 195.0 %SPA, p = 0.025), latissimus dorsi (446.0 vs. 224.3 %SPA, p = 0.022), anterior deltoid (300.3 vs. 173.7 %SPA, p = 0.003) and triceps brachii (1537.7 vs. 832.7 %SPA, p = 0.031), with participants with disabilities yielding greater muscle activation in the four aforementioned muscles compared to the participants without disabilities. Results of this research identified greater activation in muscles commonly used in wheelchair basketball shooting in athletes with disabilities. These data could provide strategies for coaches and strength and conditioning staff members to implement strength and conditioning programs to further increase activation and efficiency in these muscles to increase performance outcomes, such as free throw shooting percentage.
that uses primarily upper extremity and lumbo-pelvic musculature to accomplish all tasks of the sport (i.e., wheelchair propulsion, dribbling, passing, shooting, and rebounding) [1] . Free throw execution is one of the basic skills first introduced when learning the sport of wheelchair basketball, and the mechanics utilized during a free throw attempt are similar to overall shooting mechanics. Free throw performance plays a pivotal role in many games because it allows an athlete an attempt to score uncontested points, free from defenders and other performance-altering situations [2] . According to Ingram and Snowden [3] , the free throw is a true representation of preferred shooting mechanics making this task reliable for examining overall shooting mechanics in wheelchair basketball athletes.
While the majority of wheelchair basketball athletes are individuals with permanent lower body disabilities that prevent them from playing standing basketball, there are many standing basketball players without disabilities who play wheelchair basketball for recreation or out of support for loved ones [4] . Because both individuals with and without disabilities play this sport, it is important to understand how muscles in the human body, with and without disabilities, activate to perform shooting tasks within the sport, such as shooting a free throw.
Introduction
Wheelchair basketball is a highly competitive sport whereas free throw percentages at the 1992 Paralympic Games in male wheelchair basketball players were 35% to 54%, with an average free throw shooting percentage of 41% [5] . More recently, the National Basketball Association (NBA) reported average free throw percentages of 70.6% to 81.5% for all teams in the 2016-2017 regular season; [6] whereas the International Wheelchair Basketball Federation (IWBF) reported average free throw percentages of 24.6% to 100.0% for the 2017 Men's Americas Cup gold, silver, and bronze medal teams (USA, Canada, Brazil), with an average free throw percentage of 53.6% [7] .
Researchers attribute these drastic differences in free throw performance to trajectory and kinematic differences between high and low functioning wheelchair basketball players [2, 5, 8] . Typically, these researchers explored shooting mechanics based on a player's IWBF classification [9] , to which they are assigned due to the level of anatomical function they possess as a result of their physical disability [2, 5, 8] . Malone, et al. [2] found that players of lower functioning classifications (Class 1 and 2) adopted a strategy of shooting the ball with a steeper ball trajectory which was accomplished by using greater shoulder and elbow angular velocities to generate a more forceful shot compared to the higher functioning classifications (Class 3 and 4) who shot the ball with a more shallow approach from a higher release point [2] .
Overhead shooting activities require the body to act as a kinetic chain to summate energy from the lower extremity to the upper extremity for coordinated movement, and allow for less stress and need for energy generation at the more distal segments [10] [11] [12] [13] . However, to the authors knowledge, there has yet to be data available examining the function of the kinetic chain in wheelchair basketball players performing an overhead shooting task, therefore it is important to analyze muscle activations of the lower and upper extremities, as well as the trunk in wheelchair basketball shooting, despite the notion that physical disabilities in the lower extremities may result in diminished muscle activity. In athletes with physical disabilities, it is possible that they maintain movement in a proximal to distal sequencing fashion, despite a possible decrease in function of the lower extremity musculature. That is, the shooting movement originates in the lumbopelvic-hip complex, and distal segments (i.e., the shoulder, upper arm, forearm, and wrist) move with increasing velocity relative to the adjacent proximal segment, thereby increasing distal segment velocity and force production [12, 13] . If this is true, it seems likely that the lumbopelvic-hip complex serves as the origin for kinetic chain principles in disabled athletes, and muscle activations will be different for trunk and upper extremity musculature between athletes with disabilities and athletes without disabilities.
Understanding neuromuscular activation patterns utilized in the kinetic chain during free throw performance in wheelchair basketball players can be researched using electromyography. Electromyography (EMG) provides insight into muscle activity during functional movements and can be easily translated into clinical and rehabilitative settings. The use of electromyography in examining muscle activity in standing basketball athletes is not novel; however, research using surface electromyography (sEMG) in wheelchair basketball athletes is sparse. Of studies performed using sEMG in wheelchair users, most examine muscle activation during wheelchair propulsion, focusing solely on the upper extremities [14] [15] [16] ; however, there are no studies using sEMG to investigate full-body muscle activity in wheelchair basketball athletes.
Mechanics across all classifications and levels of function could be altered by trunk and upper extremity strength and conditioning protocols that would allow the player to shoot a ball with greater force and ease due to acquired strength gains; however, this was outside the scope of previous research [2, 5, 8] . It may be beneficial to use sEMG to assess commonly used musculature in wheelchair basketball players with physical disabilities compared to standing basketball players shooting a free throw from a wheelchair. Differences in muscle recruitment patterns may indicate specific needs for muscular strength and development to perform successful free throw shooting in individuals with a disability compared to individuals without a disability.
The purpose of this study was to identify muscle activations of commonly used lumbopelvic-hip complex (erector spinae, rectus abdominis, and latissimus dorsi), lower extremity (gastrocnemius and rectus femoris), and upper extremity (anterior deltoid, triceps brachii, and flexor carpi radialis) musculature in wheelchair basketball free throw shooting to better understand energy transfer in wheelchair basketball players with disabilities compared to basketball players without disabilities shooting from a wheelchair. Due to proximal-to-distal sequencing patterns found in other overhead sports [10, 12, 13, 17] , we hypothesized that activations of trunk and upper extremity musculature would be greater in participants with physical disabilities and activations of lower extremity musculature would be greater in participants without a physical disability.
Methods

Participants
Forty experienced basketball athletes participated and were divided into two groups. Wheelchair basketball athletes with permanent disabilities affecting lumbopelvic-hip complex and lower extremity function were placed into one group (n = 21; 24.3 ± 4.4 years, 8.9 ± 4.9 years of experience) based on the International Wheelchair Basketball Federation classification [9] and basketball athletes without physical disabilities were placed into another group (n = 19; 26.1 ± 6.2 years, 14.9 ± 6.9 years of experience) ( Table 1 ). The Institutional Review Board of the university approved all testing protocols. Before data were collected, all testing procedures and expectations were explained to each participant and informed consent was obtained.
To participate in the study, participants must have met the criteria for one of the following groups: (1) Wheelchair basketball athlete with a physical disability playing in the Intercollegiate Division in the United States, or (2) Experienced basketball athlete without a physical disability and with ≥ 4 years playing experience in high school/college. Other inclusion criteria were that the participant was between the ages of 19-45 years old, had no known upper or lower extremity injury within the past six months, and did not have an allergy to athletic tape.
Procedures
Surface Electromyography data were collected via a Noraxon Myopac 1400 L eight-Channel Amplifier (Noraxon USA, INC, Scottsdale, AZ). Adhesive BIO Protech bipolar, Ag/AgCl 4-cm diameter disk-shaped surface electrodes (BIO Protech Inc., Tustin, CA) were used. The same investigator performed electrode placement, as well as data collection and processing. Raw sEMG signal was full wave rectified and smoothed based on the smoothing algorithms of root mean square at 100 ms. Data were sampled at a rate of 1,500 Hz and recorded in Microvolts (µV). Data from each muscle were normalized and expressed as a relative percent contribution of a static posture assessment (%SPA) [18] . Non-shooting/ contralateral medial gastrocnemius and rectus femoris, and shooting/ipsilateral rectus abdominis, inferior erector spinae, latissimus dorsi, anterior deltoid, medial head of the triceps brachii, and flexor carpi radialis muscles were identified through palpation of the muscle belly, shaved, abraded, and cleaned using standard medical alcohol swabs for electrode placement. Following dermal preparation, surface electrodes were attached over the muscle bellies and positioned parallel to muscle fibers using previously published standardized methods [17, 19] . The selected interelectrode distance was 25 mm due to slight overlap of the electrodes to account for the small muscle belly of the investigated musculature. Following electrode placement, participants were given a self-determined amount of time, not to exceed 10 minutes, to warm-up and acclimate themselves to the wheelchair (maneuvering, dribbling, and shooting). All participants without physical disabilities used the same, standardized wheelchair, whereas participants with physical disabilities were permitted to use their personal basketball wheelchair for safety and familiarity. Depending on the gender of the athlete, males used a Mikasa BD2000 men's official 29.5" ball (650 g), and females used a Mikasa BD2000 women's compact 28.5" ball (550 g) (Mikasa USA, Brea, CA). Once participants deemed themselves ready, they were instructed to position him or herself in the wheelchair at the free throw line of a standard, NCAA-regulation sized basketball court (15 ft from the hoop). Each participant was instructed to maintain a static posture of desired shot mechanics at the free throw line for 5 seconds. This position was to be similar to the instance just before ball release during a shot, to which all surface electromyography (sEMG) test trials were normalized within the participant [18] . This method was utilized in place of Maximal Volitional Isometric Contractions (MVIC) since participants with physical disabilities are unable to perform maximal isometric contractions due to neuromuscular dysfunction (i.e., paralysis, neurodegenerative diseases, and amputations). Halaki and Ginn have suggested this method to normalize the EMG signals to the mean [9] .
IWBF Classification
Number of participants (n) and ipsilateral inferior erector spinae, rectus abdominis, latissimus dorsi, anterior deltoid, triceps brachii, and flexor carpi radialis were analyzed. Due to a non-normal distribution of the raw data (Figure 1a) , natural log transformations were made to fit a normal distribution (Figure 1c) . Data presented are the raw data ( Figure 1b ) and the natural log of the raw data (Figure 1d) , that is, a percentage of the SPA, originally measured in μV. This process normalized EMG values and modified outliers to fit within a normal distribution. Shapiro-Wilk's Test for Normality revealed normality of log-transformed data. Mauchly's Test revealed a violation of the assumption of sphericity, thus within-subjects effects were observed using a Greenhouse-Geisser correction. Levene's Test for the Homogeneity of Variances was tested and found to uphold the assumption of equal variances in the log-transformed data. An independent samples t-test was used to compare mean differences in muscle activation between groups (Disability vs. No Disability) in the following muscles: Gastrocnemius, rectus femoris, erector spinae, rectus abdominis, latissimus dorsi, anterior deltoid, triceps brachii, and flexor carpi radialis. Significant results obtained from the log-transformed independent samples t-test agreed with a Mann-Whitney U test for the non-normally distributed raw data further validating these findings. The alpha level was set a priori at p = 0.05 using Bonferroni corrections for all analyses.
Results
Mann-Whitney U test using non-parametric data found significant median differences in muscle activation between participants with and without disabilities activation levels obtained over the course of the task under investigation [18] . Upon completion of the static posture recording, participants began test trial attempts at a self-selected pace.
Each test trial started with a verbal cue from the researcher prompting the participant to perform the task. The participant was instructed to shoot the basketball with the goal of obtaining a 'swish', that is, the ball went cleanly through the hoop with no contact on the rim. The use of a 'swish' is validated by previous research identifying it as the most common execution of the free throw using the most accurate mechanics [2] . Participants were instructed to make a total of three 'swish' shots from the free throw line. They were allowed as many attempts necessary to successfully make three 'swish' shots. Missed shots were rebounded for them, so they could maintain in position at the free throw line, as well as limit the onset of fatigue due to wheelchair propulsion. For the EMG analysis, the shot was defined as one phase (shooting phase) between two events. The shooting phase was defined as the first instance of upward movement of the shooting arm (event one) until the cessation of their follow-through (first instance of downward movement of the shooting arm; event two). One researcher analyzed all data and gave instructions for all data collections to remain consistent for the duration of the study.
Statistical analysis
Data were analyzed using Statistical Package for Social Science (SPSS) software (version 23; SPSS Inc., Chicago, IL, USA). Normalized EMG data from eight muscles: Contralateral gastrocnemius and rectus femoris, yielding greater muscle activation in the four aforementioned muscles compared to the participants without disabilities. All remaining muscle activation EMG data were not significantly different between participants with and without disabilities.
Discussion
The purpose of this study was to identify muscle activations of commonly used lumbopelvic-hip complex (erector spinae, rectus abdominis, and latissimus dorsi), lower extremity (gastrocnemius and rectus femoris), and upper extremity (anterior deltoid, triceps brachii, and flexor carpi radialis) musculature in wheelchair basketball free throw shooting to better understand energy transfer in wheelchair basketball players with disabiliwere found for the rectus abdominis (608.0 vs. 195.0 %SPA, p = 0.025), latissimus dorsi (446.0 vs. 224.3 %SPA, p = 0.022), anterior deltoid (300.3 vs. 173.7 %SPA, p = 0.003), and triceps brachii (1537.7 vs. 832.7 %SPA, p = 0.031), with participants with disabilities yielding greater muscle activation in the four aforementioned muscles compared to the participants without disabilities. Similarly, independent samples t-test using natural log transformed normal data found significant mean differences in muscle activation between participants with and without disabilities were found for the rectus abdominis (6.21 vs. the most commonly used muscle when shooting, as the anterior deltoid places the upper arm and shoulder into an elevated position to apply force to the underside of the basketball and allow for optimal trajectory required to execute an accurate shot. As previously investigated, athletes with disabilities, specifically those with less function, perform a free throw from a lower seated position requiring a steeper shot trajectory, theoretically requiring greater activation and force production from the shoulder flexors, such as the anterior deltoid. Lastly, the medial triceps brachii are vital during elbow extension associated with the follow-through of shooting a basketball [20] . Similarly, because wheelchair basketball athletes with disabilities tend to use greater upper extremity musculature to generate a forceful shot, it is likely that greater triceps brachii activation is necessary to perform an accurate shot.
A limitation of the current study was the utilization of experienced basketball players without a disability having inexperience shooting free throws from a competition wheelchair. Due to the decreased level of experience in performing a free throw without the use of their lower extremities, as well as significant differences in shot trajectory compared to standing basketball, these individuals likely used inconsistent shot mechanics, thereby affecting muscle activation. Lastly, a final limitation of the current study was the analysis of wheelchair basketball players with a disability as a collective group. Future research should analyze differences in muscle activation patterns based on physical disability or by IWBF classification (iwbf.org) to further explain differences in muscle activation across multiple levels of wheelchair basketball players with varying disabilities.
Conclusion
The results of the current study showed significant ties compared to basketball players without disabilities shooting from a wheelchair. Understanding muscle activations in commonly used musculature in the free throw is important for the development of strength and functional training to increase shot performance. Findings from this research study revealed that wheelchair basketball athletes with a disability have significantly greater activation of the rectus abdominis, latissimus dorsi, anterior deltoid, and triceps brachii muscles compared to wheelchair basketball athletes without a disability when shooting a free throw (Figure 1b and Figure  1c) . With significant differences of muscle activation in these muscles, these findings suggest that wheelchair basketball athletes with disabilities require greater muscle activation in select muscles to perform an accurate free throw shooting task.
As the results of the study indicate, the rectus abdominis, latissimus dorsi, anterior deltoid, and medial triceps are greatly involved in the free throw shooting motion in wheelchair basketball athletes with disabilities. Depending on the extent of the disability, the importance of the rectus abdominis is multifaceted. For those who have affected lower extremities but have retained core control, such as amputees, the rectus abdominis may be important for trunk flexion to initiate the shot in the frontal plane. For individuals who do not have typical core control, the rectus abdominis is important for maintaining a proper center of mass to avoid losing balance while shooting. The latissimus dorsi may also be important in the shooting motion. Wheelchair basketball athletes with a disability may utilize this muscle when bracing themselves against the backrest of the wheelchair while moving their shooting shoulder downward into an extended and adducted position during the countermovement before the shot. Similarly, the anterior deltoid is likely relied upon for shoulder flexion in the frontal plane during shooting. This is possibly differences in muscle activation intensities between wheelchair basketball players with and without disabilities. Experienced wheelchair basketball players with disabilities showed greater activation of the shooting-side rectus abdominis, latissimus dorsi, anterior deltoid and medial triceps brachii muscles compared to experienced basketball players without a disability. These findings suggest that wheelchair basketball players with disabilities maintain summation of proximal to distal sequencing using the lumbopelvic-hip complex as the origin of movement, rather than the lower extremities, which are rendered motionless due to strapping and bracing components of the wheelchair. From a performance standpoint, these findings may provide insight into the discrepancy between free throw shooting percentages between able-bodied basketball players and wheelchair basketball players. Future research should investigate this by identifying alterations in muscle activations between these two populations.
These results also suggest that the trunk and upper extremity muscles are primarily responsible for movements and sport-specific tasks in wheelchair basketball players with disabilities. This is self-explanatory given the nature of the sport; requiring muscle activation from the trunk and upper extremities to perform all aspects of the sport (wheelchair propulsion, dribbling, passing, and shooting). This could suggest why previous research has found upper extremity pain to be one of the most common injuries in wheelchair users, in both athletic and non-athletic populations, accounting for 33-85% of all reported pain [21] [22] [23] [24] [25] [26] .
These findings may assist sports medicine professionals in understanding the cumulative stresses of competitive wheelchair usage and participating in an overhead sport, such as wheelchair basketball. By identifying muscles of the trunk and upper extremities that are largely responsible for movement and task performance, strength coaches, physical therapists, and athletic trainers may assist them to modify exercises and interventions to strengthen these muscles to increase shooting performance, as well as target the functional synergists and antagonists to restore muscle balance and prevent chronic upper extremity injuries.
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